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expense associated with hip and knee replacement procedures, and the average selling prices of hip and knee implants have increased >100% over the past decade 2 . In response to these trends, both public policymakers and private purchasers are proposing or experimenting with device registries 3 , physicianhospital ''gainsharing'' 4 , bundled ''episode-of-care'' payment methods 5 , physician-patient ''shared-decision-making'' programs 6 , and other initiatives to improve quality and to reduce costs associated with total joint replacement procedures.
While many surgical procedures have migrated to the outpatient setting, total joint replacement procedures continue to be performed largely on an inpatient basis and constitute a very important component of the economic viability of many hospitals. The financial attractiveness of these procedures to hospitals depends in large part on the type and cost of the total joint replacement implants used. Devices are selected by the attending surgeon but are paid for by the hospital, which has limited ability to influence the choice of device or the rates at which it is reimbursed by Medicare and private insurers for devices.
The purpose of the present study was to measure the variance in total hip and knee replacement implant costs, both within and across hospitals, and to quantify the association between implant costs and hospital characteristics after adjusting for patient diagnoses, comorbidities, and hospital characteristics.
Materials and Methods
Data on Patients, Devices, Hospitals, and Hospital Markets W e obtained data on patients who had been admitted to sixty-one hospitals in 2008 for total knee replacement or total hip replacement. These sixty-one hospitals either participated in the value-based purchasing initiative of the Integrated Healthcare Association, a coalition of large hospitals, medical groups, and health plans in California, or worked on value purchasing with Aspen Healthcare Metrics, a hospital consulting firm. We limited the analysis to patients who underwent unilateral primary total hip or knee replacement surgery. We included patients who were covered by Medicare or commercial insurance but excluded the small number of patients who had no insurance or who were covered by Medicaid. Aspen Healthcare Metrics provided an analytic file with detailed de-identified information on each patient and the hospital in which each procedure was performed.
Device costs were measured in terms of the aggregate price paid by the hospital for the entire joint implant construct. For knee replacement, the construct typically included a femoral component, a tibial component, a tibial insert, and, in some cases, a polyethylene patellar button. For hip replacement, the construct typically included a femoral stem, a femoral head, an acetabular component (including screws and hole covers, when used), and, in some cases, an acetabular liner. The variance in device costs across patients reflected both the prices charged by each vendor to each hospital for each component and type of device and the surgeon's choice of device. These cost data were derived from the hospitals' financial accounting systems, operating room logs, and patient records and indicated the amount actually paid by the hospital to the device manufacturer or distributor. We excluded patients whose recorded device costs were below the 1st percentile or above the 99th percentile in the distribution of device costs across the entire study population in order to reduce the sensitivity of the analysis to data-entry errors or outlier cases. As a check on this data trimming, we also conducted all analyses on the full patient population.
The data file included information on patient age, principal diagnoses, number of comorbidities, discharge destination, and number of in-hospital complications. Coded diagnoses included fracture, osteoarthritis, rheumatoid arthritis, and osteonecrosis. We obtained information on the number of comorbidities, which were defined by Aspen Healthcare Metrics as preexisting conditions that, because of their presence in a patient undergoing the target surgical procedure, resulted in an increase in the length of stay by at least one day. Surgical complications were defined as including in-hospital events serious enough to result in at least one extra day of hospital stay.
We also collected data on the characteristics of the hospital where the procedure was performed, including the number of total joint replacement procedures performed during the year and the percentage of cases attributable to each device manufacturer within each of the sixty-one hospitals. To measure the extent to which the hospital consolidated its device purchases from a small number of vendors, we calculated the percentage of hip and knee replacement devices purchased from the two vendors with the largest market shares in each hospital. As a comparison, we also analyzed the percentage of devices purchased by each hospital from its single largest vendor and from its four largest vendors.
Additional data on the hospitals where the procedures were performed were obtained from the American Hospital Association's 2008 Annual Survey of Hospitals 7 , including number of staffed beds and the teaching status of the institution. The Herfindahl-Hirschman Index 8 was used as a measure of market competition, with low values (minimum, 0) indicating a competitive market and high values (maximum, 100) indicating a monopoly. The sixty-one hospitals in the present study were distributed across eight states. To control for the effect of market size, we also measured the population of the metropolitan regions served by each hospital.
Statistical Methods
We calculated the distribution of implant costs across patients, including the minimum and maximum costs as well as the 1st, 25th, 50th (median), 75th, and 99th percentiles. We also calculated the distribution of total procedure costs and the percentage of total procedure costs accounted for by the cost of the implanted device. We calculated the average device cost across the sixty-one hospitals in our sample, plus the percentage of each hospital's device purchases during the year that came from the two device vendors from which the hospital purchased the largest share of its devices. Device costs vary as a result of patient-specific and non-patient-specific factors that differ within and across hospitals. Patient-specific factors include differences in diagnosis and severity of illness. Across-hospital factors include the hospital's device-purchasing strategy and other hospital characteristics, such as number of beds, annual procedure volume, and teaching status. Within-hospital, non-patient-specific factors include physician-specific preferences that influence device choice as well as differences in the prices charged by different manufacturers to the same hospital. One purpose of the present study was to allocate the total measured variance in device costs across these three sets of factors. It should be emphasized that our measure of cost is the amount actually paid by the hospital to the device manufacturer or distributor. It is not the list price (the hospital typically negotiates an actual price lower than the list price) or the manufacturer's cost (e.g., the resources expended to develop, manufacture, and distribute the device).
We disaggregated the total variation in device costs across patients into three components. The first component was the variation associated with patient characteristics such as age, diagnoses, and comorbidities. The second component was the variation associated with the hospital at which the patient was managed due to the ability of some hospitals to negotiate lower prices with device manufacturers. Both of these components of variation were calculated directly with use of multivariate regression techniques. The third component was the variation associated with different choices of device by the surgeons working in the same hospital, based on their clinical preferences. This third component of total variation was estimated by subtracting the first two components (those associated with patient characteristics and hospital characteristics) from total variation.
We also conducted multivariate statistical analyses of the factors associated with device costs for individual patients. Device costs for each patient were regressed on a set of hospital characteristics, including medical device vendor concentration, annual total knee replacement and total hip replacement procedure volume, staffed beds, and teaching status, plus patient characteristics (age, diagnoses, comorbidities, complications, discharge destination, Medicare versus commercial insurance coverage), hospital market structure, and population size in the local market 9 .
Source of Funding
The present study was funded by the California HealthCare Foundation and Blue Shield of California Foundation. The funds were used for salaries and supplies. The California HealthCare Foundation and Blue Shield of California Foundation had no role in the design and conduct of the study; in the collection, management, analysis, and interpretation of the data; or in the preparation, review, or approval of the manuscript.
Results
T he hospitals participating in the present study were major providers of hip and knee replacement procedures in 2008, performing a total of 10,155 total knee replacements and 5013 total hip replacements. Medicare covered 67% of the patients undergoing total knee replacement and 60% of the patients undergoing total hip replacement, with commercial insurance covering the remainder. Table I presents the distribution of implant costs, total procedure costs, and implant costs as a percentage of total procedure costs per case for total knee and hip replacement. Implant costs varied by a factor of almost seven, from $1797 to $12,093 (in 2008 U.S. dollars), for total knee replacement and by a factor of more than five, from $2392 to $12,651, for total hip replacement. Total procedure costs varied by a factor of Histogram showing the percentage of implants purchased from the largest and second-largest device vendors across sixty-one hospitals in 2008.
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more than three for total knee replacement and for total hip replacement. The cost of the device represented a large share of the total cost of each procedure, ranging from 13% to 87% for total knee replacement and from 15% to 87% for total hip replacement. Table II presents the allocation of total variance in device costs across the three sets of factors. Patient characteristics accounted for only a very small percentage of total variance: 2.5% for knee replacement and 4.4% for hip replacement. After adjusting for patient characteristics, 61.0% of the variance for total knee replacement implants and 36.1% of the variance for total hip replacement implants was associated with hospital characteristics. The residual variance not accounted for by patient and hospital characteristics accounted for 36.5% of total variance for total knee replacement implants and 59.5% of total variance for total hip replacement implants.
As shown in Figure 1 , the percentage of total knee replacement and total hip replacement implants obtained from the two vendors with the highest market share within a particular hospital ranged across hospitals from a low of 52% to a high of 100%, with a mean of 90%. By way of comparison, national sales for knee and hip replacement implants are distributed among five major vendors, with the top three accounting for 70% of the market 10 . Table III presents multivariate regression results for the correlates of implant costs across the two study procedures. Age, payer (Medicare), complications, discharge disposition (discharge to acute or post-acute care facility), and a diagnosis of fracture (for total knee replacement only) were all associated with higher device costs after controlling for all other patient, hospital, and market factors. The concentration of device costs in the two vendors with the highest market shares was positively associated with device costs for both procedures, but the association was modest in scale and was not significant. Ten additional points in the percentage of devices purchased from the two largest vendors were associated with device costs that were higher by $205 (p = 0.09). Teaching hospitals had lower adjusted costs for both total hip replacement (2$876) and total knee replacement (2$119), but these differences were not significant. After adjusting for patient and hospital characteristics, procedure volume was not associated with device costs for total knee replacement or total hip replacement.
Our statistical results were not sensitive to the assumptions made concerning the measurement of device costs and procedures. Similar results were obtained when device costs were 
VARIABILITY I N COSTS ASSOCIATED W I T H TOTAL H I P A N D KNEE REPLACEMENT IMPLANTS measured in logarithmic rather than natural (dollar) units, when the parameters were estimated with use of the general linearized model with a gamma distribution and log link rather than ordinary least squares, when device cost data were not trimmed at the 1st and 99th percentiles, or when the concentration of purchases was measured in terms of the percentage of purchases from the vendor with the largest total volume or the four vendors with the largest volumes (as a test of the robustness of measuring the concentration of purchases in terms of the percentage obtained from the two vendors with the highest volumes).
Discussion
T he costs of joint implant constructs used for total knee replacement or total hip replacement vary widely and are major contributors to the variation in the total cost of care for patients undergoing total joint replacement. Policymakers and health services researchers have pointed out the geographic variations in the rate at which procedures are performed 11, 12 .
The results of the present study suggest that commensurate attention should be devoted to variation in the costs of the procedures themselves and of their principal components, including implant costs.
Only 3% to 4% of the variation in device costs for these procedures was related to patient age, diagnosis, and comorbidities. Another 36% to 61% was associated with the hospital in which the procedure was performed. However, the hospital characteristics that we were able to measure and that are frequently referred to in discussions of implant pricing do not explain much of this hospital-associated variation. In particular, the annual volume of knee and hip replacements performed in the hospital, the concentration of implant purchases among a small number of vendors, and hospital bed size were only weakly associated with implant costs. Moreover, we found that much of the variance in device costs was related to variance within, rather than across, hospitals. Even after adjusting for patient characteristics and taking full account of acrosshospital variance in costs, 37% to 60% of total variance in implant costs remained unexplained.
This residual variance (the fraction not explained by patient or hospital characteristics) was due to within-hospital factors that we were unable to measure. As the choice of total joint replacement implant is made by the surgeon, we believe that a major determinant of this residual variance in implant costs is within-hospital differences in physician preferences for different implants and alignment between the physicians and the implant manufacturer or the hospital. However, we have no direct information on the training or implant preferences of the individual surgeons practicing in the hospitals involved in the present study. Furthermore, we have no direct information on the economic association of the physicians to the implant manufacturers or the hospitals where they practice.
Our results need to be interpreted within the limitations of the study. The data were derived from hospital cost accounting systems and patient records, which are imperfectly standardized across facilities. Differences across hospitals in accounting methods, however, cannot explain the within-hospital variations in device costs. Furthermore, there is no reason to believe that accounting methods are correlated systematically with the number of knee and hip replacement procedures performed per year or with the percentage of devices purchased from the largest two vendors. Therefore, variation in cost accounting methods would not be expected to bias our statistical analyses. We were unable to evaluate the clinical outcomes of the hip and knee replacement procedures studied. While our data did capture in-hospital complications, they were not structured to measure either post-discharge or long-term outcomes such as enhanced patient functional ability, reduced pain, readmission, or device failure. Furthermore, our data only measured the number, not the type, of comorbidities and complications severe enough to cause a one-day extension in length of stay.
An American Joint Replacement Registry is currently being developed to track the outcomes of hip and knee replacement procedures in the United States 4, 13 . When combined with cost data of the sort presented here, utilization and performance data from joint replacement registries will be able to distinguish whether patients who receive higher-cost devices have commensurately better outcomes than patients who receive lower-cost devices.
The principal conclusion that we derived from our analysis was that there is wide variance in device costs that cannot be explained by patient characteristics. Approximately half of this unexplained variance is due to variance across hospitals and approximately half is due to variance within hospitals, e.g., across the different surgeons working in the same facility. The unexplained variance may be due to factors such as idiosyncrasies in physician choice of implant or alignment between the physician and the hospital (e.g., gainsharing) or the physician and the device manufacturer (e.g., consulting arrangements). The large unexplained variance suggests that efforts can be made to reduce implant costs if better data on the comparative effectiveness of implants are developed and better alignment is achieved between physicians and hospitals. n 
